The low-lying electronic states of the nickel monohalides, i.e., NiF, NiCl, NiBr, and NiI, are investigated by using multireference second-order perturbation theory with relativistic effects taken into account. For the energetically lowest 11 ⌳-S states and 26 ⍀ states thereinto, the potential energy curves and corresponding spectroscopic constants ͑vertical and adiabatic excitation energies, equilibrium bond lengths, vibrational frequencies, and rotational constants͒ are reported. The calculated results are grossly in very good agreement with those solid experimental data. In particular, the ground state of NiI is shown to be different from those of NiF, NiCl, and NiBr, being in line with the recent experimental observation. Detailed analyses are provided on those states that either have not been assigned or have been incorrectly assigned by previous experiments.
I. INTRODUCTION
Diatomic systems of 3d transition metals have been extensively studied both experimentally 1 and theoretically 2 for a long time, since the abundant knowledge about their complicated electronic structure would be of great help for a better understanding of large systems containing heavier transition metals. Among others, the electronic states of nickel monohalides are of particular interests. A great number of spectroscopic measurements have been carried out hitherto for NiF ͑Refs. 3-21͒ and NiCl. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Due to the low resolution of the experimental measurements, however, few spectral bands could be assigned in the early spectroscopic studies. Even the ground states of NiF and NiCl could not be determined decisively. The simpler isovalent NiH molecule was then often taken as a reference. High-resolution spectra for these two species 10, 30 were recorded only rather recently, which indicated that the ground state of both NiF and NiCl is 2 ⌸ instead of 2 ⌬ that may be obtained by drawing analogy with NiH. Likewise, several low-resolution spectral bands 24, 26, [39] [40] [41] [42] [43] [44] [45] [46] were also available for NiBr but only the recent high-resolution spectra due to Leung and co-workers 47, 48 and Yamazaki et al. 49 could determine its ground state to be 2 ⌸. In contrast, the NiI molecule has not been fully investigated and only limited spectroscopic information is available. Cheung and co-workers [50] [51] [52] recently surveyed the high-resolution spectra of NiI and identified the 2 ⌬ state as its ground state. 50 This is similar to the case of NiH, but different from the lighter analogs. As for NiAt, nothing is known experimentally.
It is well known that proper assignments on the experimental spectra of energetically adjacent electronic states may be plagued by the so-called perturbation phenomenon, in particular, in cases that the higher vibrational levels of lower states are accidentally quasidegenerate with the lower ones of upper states. As for energetically higher electronic states the perturbation mechanism may be even more intricate. Such kind of perturbations may bring disturbance in the spectral analysis and result in incorrect assignments or molecular parameters. In the case of the nickel systems to be investigated here, the lowest three states of ͑I͒ 2 ⌺ + , ͑I͒ 2 ⌸, and ͑I͒ 2 ⌬ are very close in energy and fall into a perturbation system. However, deperturbation analyses have been carried out so far only for the X 2 ⌸ 3/2 and A 2 ⌬ 5/2 states of NiBr. 49 The electronic structure of nickel and nickel containing compounds is challenging also for theoretical models. The low-lying atomic states of nickel, 3 F of 3d 9 4s 1 and 3 D of 3d 8 4s 2 , are energetically separated by only 0.03 eV. 53 The possible involvement of both the 3d 9 and 3d 8 
The ␦ 1 and 1 molecular orbitals are essentially atomic Ni3d, whereas both 1 and 2 are hybrids between Ni3d and Ni4s. The former has major contribution from Ni3d while the latter is Ni4s dominant. 
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͑XVII͒1 / 2 3.67 59 In this work we prefer this large active space in order to describe all relevant states in a balanced manner. Dynamical correlation effects are then treated by the complete active space second-order perturbation theory ͑CASPT2͒. 60, 61 This approach has been applied successfully to study low-lying electronic states of a number of systems such as CuX ͑X =Cl,Br,I͒. 62 The potential energy curves ͑PECs͒ and corresponding spectroscopic constants of the low-lying electronic states of NiF, NiCl, NiBr, and NiI will be investigated and compared to the available experimental data. Our theoretical results for NiAt will be discussed in a forthcoming paper.
Finally, it should be mentioned that the first work on the nickel monohalides was actually due to Carette et al. 63 They carried out multiconfigurational calculations for several electronic states of NiF based on a semiempirical ligand field model and interpreted qualitatively part of the experimental results. It also deserves to mention that, the theoretical results of Blomberg et al. for NiH ͑Ref. 59͒ were sometimes used as a reference in the spectral analysis of the nickel monohalides. 37 The present account should terminate this situation.
II. COMPUTATIONAL DETAILS
To a first approximation the nickel monohalides can be viewed as purely ionic systems represented as Ni + X − , from which 23 ⌳-S electronic states can be derived from the Ni + 3d 9 56 the active orbitals used in the vertical excitation energy ͑T ͒ calculations include the nickel atomlike 3d4s3dЈ shells, to be denoted as ͑9, 11͒. The Ni3s3p and halogen ͑n −1͒dnsnp orbitals are always doubly occupied, while the rest of the inner shells are kept frozen.
To guarantee the required degeneracy of the relevant states, state-averaged complete active space self-consistent field ͑SA-CASSCF͒ calculations are performed by using the MOL-CAS program package. 64 Due to the particular implementation only states of the same spin multiplicity and same irreducible representation of the special symmetry group can be handled in such calculations. This is fulfilled by using the C 2 point group. Multistate CASPT2 ͑MS-CASPT2͒ ͑Ref. 65͒ computations are then performed by diagonalizing over a 
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basis of several single-state CASPT2 ͑SS-CASPT2͒ roots. To avoid the intruder state problem an imaginary level shift of 0.30 a.u. ͑Ref. 66͒ is used. Furthermore, the g3 variant of the zeroth-order Hamiltonian 67 is chosen for a balanced description of high-spin states.
As pointed out by Martin and Hay, 68 both scalar relativistic effect ͑ca. 0.4 eV͒ and spin-orbit coupling ͑SOC͒ ͑ca. 0.1 eV͒ are significant for the 2 D-4 F energy gap of Ni + . For the bromine and iodine atoms relativistic effects are expected to be important as well. Scalar relativistic effect is taken into account variationally via the second-order one-electron Douglas-Kroll-Hess ͑DKH2͒ approach 69, 70 whereas SOC ͑Ref. 71͒ is treated via the state-interaction approach at the CASSCF level 54 with the C 2 point group. Unfortunately, the 
The 1 orbital is composed mainly of the halogon np atomic orbital but with some Nd4s character. The ␦ 1 and 1 orbitals are essentially atomic Nd3d, whereas both ⌳-S states computed by CASPT2 and CASSCF are not of the same energetic ordering, so the spin and orbital quantum numbers as well as the dominant configurations of each state have to be checked carefully in order to establish the correspondence between the CASPT2 and CASSCF states. The ͑9, 11͒ CASSCF wave functions are not suitable for this purpose due to poor overlap with the CASPT2 ones: the weights of the leading configurations in these two wave functions may differ by more than 30%! The compromise is to exclude the 3dЈ orbitals from the active space, leading to ͑9, 6͒, in the SOC calculations. This improves greatly the similarity between the CASSCF and CASPT2 wave functions without much degrading the accuracy of SOC. Another issue is how to map the E 1/2 spinors of the C 2 double point group back to the C ϱ double point group. This can be done by identifying the projection of the spin angular momentum of each ⌳-S state on the z axis ͉͑S z ͉͒ as well as the mixtures between the half-integral spinors ͑cf. Table II͒. The basis sets used in these calculations are the DKH2 scalar relativistic contracted correlation-consistent atomic natural orbital ͑ANO-RCC͒ bases of 4-quality: 72 ͑14s9p4d3f1g͒ / ͓5s4p3d2f1g͔ for F, ͑17s12p5d4f2g͒ / ͓6s5p3d2f1g͔ for Cl, ͑20s17p11d4f2g͒ / ͓7s6p4d3f2g͔ for Br, and ͑22s19p13d5f3g͒ / ͓8s7p5d4f2g͔ for I. As for Ni, the original basis set ͑21s15p10d6f4g2h͒ / ͓7s6p4d3f2g1h͔ is modified by decontracting the four spd functions in the regions where the 3s and 3p shells present their density maxima, leading to ͑21s15p10d6f4g2h͒ / ͓11s10p8d3f2g1h͔. This modification is to reduce the basis set superposition error and improve core-valence correlations.
The PECs are obtained by connecting the calculated energy points with the aid of the avoided-crossing rule between electronic states of the same irreducible representation of the single or double point group C ϱ . The spectroscopic constants, including the adiabatic excitation energy ͑T e ͒, equilibrium bond length ͑R e ͒, harmonic vibrational frequency ͑ e ͒, and rotational constant ͑B e ͒, are obtained by solving the onedimensional Born-Oppenheimer nuclear dynamics Schrödinger equation for each curve using the LEVEL program.
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III. RESULTS AND DISCUSSION
A. Vertical excitation energies of the nickel monohalides
The T values of the 23 ⌳-S and 49 ⍀ electronic states of the nickel monohalides are first calculated at the experimental ground state geometries ͑1.739 Å for NiF, 2.045 Å for NiCl, 2.194 Å for NiBr, and 2.345 Å for NiI͒. The results are listed in Tables III and IV, 
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It can be seen from Figs. 1 and 2 that the low-lying states of NiX are well correlated with those of Ni + . In the presence of the ligand field, the atomic states of Ni + are split and reordered. The energy gap between the lowest three ⌳-S states ͓͑I͒ 2 ⌸, ͑I͒ 2 ⌬, and ͑I͒ 2 ⌺ + ͔ and those energetically higher states increases gradually with decreasing bond strengths in the order of NiF Ͻ NiClϽ NiBrϽ NiI. The same situation also occurs to the ⍀ states ͑cf. Fig. 2͒ . The results in Table III show that, the lowest three states of NiX result primarily from Ni + 3d 9 whereas the higher states come mainly from Ni + 3d 8 4s 1 . The weights of the reference configurations in the CASPT2 wave functions are quite large and very close to each other for all the ⌳-S states, indicating that the calculated T are mostly reasonable.
We first focus on those states with excitation energies above 2 eV. The lower states will be analyzed in greater detail below. For NiF, both the ͑VI͒5/2 and ͑VIII͒5 / 2 states are composed mainly of 2 correspond to ͑XI͒3/2 and ͑XII͒1 / 2, respectively.
As for NiBr and NiI, high-resolution spectroscopic measurements have so far been carried out only for states lower than 2 eV. Early low-resolution spectra of NiBr indicated the existence of several higher states as well, but they are too crude to analyze here. Noticeably, the so far calculated lowest state ͓͑I͒ 2 ⌸ 3/2 , Table IV͔ of NiI does not accord with the true ground state ͑X 2 ⌬ 5/2 ͒, indicating that the ͑9, 11͒ active space used in the calculations of this section is still not completely satisfactory.
B. Low-lying ⌳-S states of the nickel monohalides
As mentioned above, the ͑9, 11͒ active space is insufficient to capture the ground state of NiI. To cure this defect, the halogen np valence orbitals should be placed in the ac- tive space, leading to ͑15, 14͒. However, with this large active space we could not carry out MS-CASPT2 calculations for all the 23 ⌳-S states simultaneously. Since the lowest 11 ⌳-S states ͑boxed in Fig. 1͒ are well separated from the higher ones, the interactions between these two manifolds of states are expected to be small. This is confirmed by comparing the results obtained by SS-CASPT2 and MS-CASPT2 with the ͑9, 11͒ active space: Only the pair of ͑I͒ 2 ⌸ and ͑II͒ 2 ⌸ and the pair of ͑I͒ 2 ⌬ and ͑II͒ 2 ⌬ interact significantly ͑ca. 0.1-0.4 eV͒ whereas the interactions between other states are negligible ͑less than 0.02 eV͒. Therefore, the lowest 11 ⌳-S states of the nickel monohalides, i.e., ͑I͒ 2 ⌺ − ,
4 ⌬, ͑I͒ 4 ⌽, are further studied at the MS-CASPT2 level of theory. Even so, the ͑15, 14͒ active space is still too large. To see the effect of the active space, we have made some experimentations by adding the np or np orbitals in the active space of ͑9, 11͒. In the case of NiF, the MS-CASPT2 calculations with ͑11, 12͒ or ͑13, 13͒ show that the T values of the ten excited states are very close for the two active spaces, the differences being only 30-400 cm −1 . A rough estimate of the ͑15, 14͒ MS-CASPT2 results can then be made by assuming that the contributions of the np orbitals are additive, . Therefore, the ͑11, 12͒ active space is acceptable for the subsequent PEC calculations, leading to uncertainties of about 300 cm −1 in average. Nonetheless, the bond breaking process of NiX cannot be described properly due to incompleteness in the active space.
The PECs of the low-lying 11 ⌳-S electronic states of NiX are shown in Fig. 3 , and the spectroscopic constants as well as the main characters derived at R e of each state are listed in Table V . It can be seen that the lowest ͑I͒ 2 ⌸ and ͑I͒ 2 ⌬ states have rather similar bond lengths and vibrational frequencies for all the four molecules. What is distinct is that the ground state of NiI becomes 2 ⌬ instead of ͑I͒ 2 ⌸. Contrary to the speculations of Leung and co-workers, 47 ,50 this finding does not come out of a simple orbital picture. In the CASSCF calculations averaging over only the ͑I͒ 2 ⌸ and ͑I͒ 2 ⌬ states, ͑I͒ 2 ⌬ is actually lower than ͑I͒ 2 ⌸ by about 0.15 eV for all the four molecules, irrespective of the ordering of the relevant orbitals. Therefore, the final energetic ordering of these two states results from the complicated configuration interactions. As the third state resulting mainly from 3d 9 , ͑I͒ 2 ⌺ + has a much longer ͑by 0.04 Å͒ bond length than that of the ͑I͒ 2 ⌸ state for all the four molecules. Another point is that the higher eight states, which come from the 3d 8 4s 1 superconfiguration, have much longer bond lengths and lower frequencies, especially for NiCl, NiBr, and NiI. This indicates a stronger bonding character of the nineelectron-occupied 3d orbitals.
C. Low-lying ⍀ states of the nickel monohalides
In contrast with the treatment of the dynamical electron correlation, including the type ͑essentially doubly occupied͒ molecular orbital in the active space does not change the SOC discernibly. Therefore, the CASSCF treatment of the SOC still uses the ͑9, 6͒ active space.
Most available experimental bond lengths ͑R 0 ͒ for NiX were derived from the rotational constants B 0 . For the sake of comparison, the theoretical R 0 values are estimated with the formula R 0 Ϸ R e ͑1−⌬B /2B 0 ͒ −1 with ⌬B = B e − B 0 . The experimental R e are also estimated with this formula but with ⌬B Ϸ ␣ e / 2 being 0.0015, 0.0005, 0.0002, and 0.0001 cm −1 for NiF, NiCl, NiBr, and NiI, respectively. Based on both the calculated results and available experimental data, it is found 
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that ⌬B is almost state independent but weakly halogen dependent. Therefore, we think such estimated experimental R e are meaningful and given in brackets in Tables VI-IX . Furthermore, the experimental excitation energies T 0 , the frequencies ⌬G 1/2 , and the rotational constants B 0 are also documented in brackets in the tables for comparison.
NiF
The PECs of the 26 low-lying ⍀ states of NiF are plotted in Fig. 4 , while the spectroscopic constants are given in 
NiCl
We have plotted the PECs of the 26 low-lying ⍀ states of NiCl in Fig. 5 and listed the spectroscopic constants in 
NiBr
The PECs of the 26 low-lying ⍀ states of NiBr are shown in Fig. 6 , and the corresponding spectroscopic constants are summarized in Table VIII , where the available experimental values, 47, 51 are also given for comparison. It can be seen that, the calculated T e values are within 540 cm −1 and the bond lengths are within 0.020 Å agreement with the experimental data. What has to be pointed out is that the experimental ͓12. 50 is here assigned to ͑V͒5 / 2. However, the experimental bond length is by 0.035 Å longer than the computed value. This must be ascribed to problems on the experimental side.
Finally, the overall performance of the presently chosen method can be judged from the mean absolute errors ͑MAEs͒ of the calculated results ͑Tables VI-IX͒. It can be seen that only the adiabatic excitation energies of NiF deviate somewhat larger from the experiments, amounting to 560 cm −1 in average. Such an accuracy renders the present reassignment of the relevant experimental results conclusive.
IV. CONCLUSIONS
The electronic structure of the nickel monohalides ͑NiF, NiCl, NiBr, and NiI͒ is rather involved. In particular, substantial efforts are required to properly deal with the distinct Ni + 3d 9 and 3d 8 4s 1 superconfigurations. In this regard, the inclusion of a set of diffuse Ni + 3dЈ orbitals in the active space is essential to describe the low-lying electronic states accurately or even qualitatively. We have in this work calculated the potential energy curves and spectroscopic constants of a large number of low-lying electronic states. Overall, the computed spectroscopic constants for all the four molecules are in good agreement with the available solid experimental data. This allows us to reassign those states which inherit great uncertainties in the experimental analysis. The present work also provides useful guidance for future experimental works. As isovalent electronic systems, the four molecules share great similarities in the electronic structure. What is distinct is that the ground state of NiI turns out to be 2 ⌬ 5/2 rather than 2 ⌸ 3/2 as for NiF, NiCl, and NiBr. This cannot be explained by a simple orbital picture but is a direct result of complicated configuration interactions.
